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Large Versus Small Unilamellar Vesicles 
Mediate Reverse Cholesterol Transport In Vivo 
Into Two Distinct Hepatic Metabolic Pools 

Implications for the Treatment of Atherosclerosis . 

Wendi V. Rodriguez*, Kintin D. Mazany, Arnold D. Essenburg, Michael E. Pane, 
Thomas J. Rea, Charles L. Bisgaier,.Kcvia Joa WiHiams 



t Abstract Phospholipid liposomes are synthetic flwrffafon of 
reverse cholesterol transport from peripheral tissue to liver 
m wo and can shrink atherosclerotic lesions in animals. 
Hepiuc disposal of this cholesterol, however, baa not been 
examined. \Ve compared hepatic effects of large (-120-nm) 
and amaU unilamellar vesicles (LUVa and SUVs), 

iwth of which mediate reverse cholesterol transport in vivo but 
we pcevwualy shown to be targeted to different call types 
wtfcnx to Irver. On days 1, 3, and 5, rabbits were tatxaYcnoily 
injected *riih 300 mg phosphaticylcholine (LUVa or SUVs) per. 
Jotogram body weight or with the equivalent volume of saline 
After each injection, LUV- and SUV-injected animals showed 
large tacreaaes in plasma concentrations of uncsterined cho- 
lesterol, indicating mobilization of tissue store*. After hepatic 
uptake of this t cholesterol, however, SUV-treated aahneis 
4evstow4 per^eatty eiev^ed plasma LDL concentrations, 
wtneh <iay-6 -had-in^oa^ed-to-inaFt- than- four- -tjmea'.the 
values tn saline-trcotcd controls. In contrast, LUV-treated 
au.maL; showed normal LDL levels- By RNasc protection 



Four decades ago, tfi& intravenous aojninistratiou 
of aqueous dispersions of PL was shown to cause 
^ rapid, substantial shrinkage of lipid-rich arterial 
lesions in annuals This striking finding has since been 
confirmed in a variety of experimental models of athero- 
sclerosis (reviewed in Reference 2). Subsequent mecha- 
nistic studios indicated that dispersed PLs self-aasemble 
into concentric spherical bilayers known as liposomes or 
vc ™ cs *' Furthermore, when intravenously injected at 
sufficient doses, initially choiesteroi-frcc PL vesicles 
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S°ilf1S 5* ?°^ taa ^»»n*SBM), wHerea* UJV» caused a 
srtabstjealiy mngmficant stimulation. Hepatic HMO-CoA re- 
°"f^t ?¥S?!^ WW ^ ripJfc>«% suppwaed with SUV. 

treatment, and hepatic me<age 
Showed a snnOa* trend, These data on hepatic mRNA feveE 
*<«<»teth«t!^ s bw a ot^ 

cholesterol homeostmu. We conclude that LUVs and SUVs 
mobiliie peripheral tujuc cfaolesterol and deliver it to the lkmx 
but » d^tinct raetabelfc pool, *at crcrt cUrS4at„7SS 
effects. The effects Of ooe' of these artificial pirtclesfsu\^ 
Wgsest that revert* cholesterol transport may notSvays be 
benign, to contrast, tUVs maybe a «fubte therapeutic uear* 
because they mobilize peripheral cholesterol to the lrrc/SttL- 
our suppressing hepatic LDL receptor raRKA. and v#!hoii«- 
Ptpvol^ a S^wuent rise, h, jlasrna LDL levels. UrteH^cl^ 

choS^/thcrapT 1 ^ * ^ - **«*r ,b » ' 



remain intact in the bloodstream and are capable of 
extractmg cholesterol from both lipoproteins and dc- 
ShJfr 1 * a«a dxculatiAg particle act as 

a srnJc for cholesterol, which Is shuttled to them from 
tawwt* H3DL and other small acceptors of cholester- 
* Z Be , oaose &e ^ scrv « as the predominant organ 
^arance of PL vesicles, it has been suggested 
tnat the aa&aaeTogcruc effects of these particlcTrcsult 
from their ability to act « synthetic mediators of RCT 
irom penpheral tissues to the liver. 2 "* 

Hepatic disposal of cholesterol transported from the 
periphery to the liver, however, is not well understood. 
Radioisotopic studies have suggested that cholesterol of 
t T iJ1 7 1316 apparent natural mediator of RCT,» is e£5- 
cientry converted into bile adds by the liver and then 
excreted.»-*i In contrast, direct measurements of sterol 
mass showed that accelerated delivery of cholesterol to 
the hyer in vjvo by apoE-rich HDL produces no change 
m bihaxy output of cholesterol or bile acids, but Instead 
sbmulatss hepatic aeyl-CoA:cholesteroI acyltransferasa 
and enhances VLDL secretion." Similar results, includ- 
ing LDL, receptor suppression, have been reported in 
oJier_ situations involving cholesterol enrichment of 

•S^/o^'T 7 . M ° reovcr - intravenous infusion of 
apoA-I/PL disks into humans to enhance RCT causes a 
sustained rise in plasma levels of LDL.t« Taken together, 
uiese effects are more consistent with events leading to 
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Selected Abbreviations and Acraaymi 

ipo « *polipoprotein 

AU = arbitrary tmits 

CE - cholestccyl ester 
CETP = CE transfer protein 

EC -".esterifled cholcsteral 
LUV «- large unilamellar vesicle 
MLV = multilamellar vesicle 

PL - phospholipid 
RCT = reverie cholesterol transport 
SUV = small unilamellar vehicle 

TC = total cholesterol 

UC ■= unestcrHled choUsterol 



the promotion, mat the inhibition, of atherogenesis. 
Thus, depending on hepatic responses, not all agents 
that enhance RCT will be unambiguously beneficial. 
^ In this study, we sought to determine the effect of 
liposomal structure on hepatic responses to enhanced 
RCT mediated by these synthetic particles. We com- 
pared LUVs (-*120-nm), which have been shown to be 
catabolized in the liver primarily by Knpffer cells," 
• versos SUVs (-OS-run), which are directed mainly to 
pzrenchyinai cells. 20 Prior work has shown that both 
LUVs and SUVs mobilize cholesterol from lipoproteins 
and peripheral tissues, thereby euhanriri* RCT In vivo « 
The response of the liver to repeated injections of these 
two hposomal preparations over several days was deter- 
mined by monitoring the concentrations of major plasma 
lipoprotein species and by measuring niRNA levels of 
key hepatic enzymes and proteins responsible for main- 
taining hepatic cholesterol homeostasis. 

Methods 

Materials 

Egg phosphatidylcholine (>95% pure, Coutson\e NC-10S) 
was purchased from Princeton lipids. Human HDL, wu 
isolated from fresh plasma by sequential v4tracentrifiWian 
(L-12<d<ui g/mL)." Ail other chemicals and solvents were 
of analytical grade and purchased from Fisher Scientific Co. 

Preparation of Vesicles 

Three days before the start of the experiment in vivo, LUVs 
and SUVs were prepared at a concentration of 100 mg/mL. Six 
6-g portions of solid egg phosphatidylcholine were each placed 
into 50-mL conical polypropylene centrifuge tabes, hydrated 
Z*J£ ^ °£^r-*tcrnized ISO mmol/L Nad, 20 romol/L 
HEPES, pH 7,4 (KEPES-biiffered saline), sod vortexed to 
fcS 6 ^ Preparations wrc kept overnight at 

4 C. To generate LUVs, the MLVs were extruded 10 times 
under medium pressures (250 to 300 psi) through two stacked 
polycarbonate filters (lCO-nm pore size) that had been fitted 
into a 10-mL water-jackctcd therm obarrel EWruder (lipex 
BiOfflembranei). To generate SUVs, 30-mL batches of MLVs 
were each subjected to three 20-minute cycles of sonication ia 
SO-mL raimd-bottom Pyrex glass tubes at CTC under nitrogen 
(power ■ settxng-3, duty cycle-50%, Branson stud op souificr, 
VWR Co), Tht tcmally milky suspension clarified during this 
procedure. After touicaden, batches were then centrifuged a* 
y ac %" tor 50 minutes to remove titanium shed from the crone 
during sonication. 

. two vesicle preparations, LUVs and SUVs, were steril- 
ized by passage through 0.45-jxm Nalgene bottle-top filters, 
HpSSS t% H ^^rratjons « and diluted with sterile 
HBPES.boffcred salme to 100 mg PL per milliliter before 
mjcction. Consistent with prior literature, the diameter* of the 
LUVs and SUVs generated were found to be 123 * 35 and 



34±30 am (mean±SD), respectively, deteraiinsd by quasi- 
elastic light scattering using a Nicomp model 370 submieron 

I"'"" E* rt j<=? c sfeer - "lapped *ith « W Hc-Ke laser (Pacific 
Scientific).* % 

Experimeatal Design In Yivo 

Normal 3- to 4-kg female New Zealand Write rabbits 
(I-fazeltoa Farms, Denver, Pa) were randomly distributed into 
three groups <a=4, LUV or saline treatment; n«3, SUV 
treatment). Arrtroxunater/ 3 mL of blood was collected from 
eachammal via a medial auricular artery every inoxninft during 
the study. Blood samples were urimedtatery mixed with EDTA 
for .a^agulatzon Anal concentration, 2 mmol/L in blood) 
and /^thytoaleimide to inhibit lecithinxhoUsterol acyitrans: 
feraso (final concentration, 5 mmol/L). T 

On days 1, 3,and 5. right after the morning's blood coEec- 

^^^f^ 3 C^mgrf^erkfloSbod^^K 
?' volume of HEPES-buJTered talLc/^c 

bolus-urjcctcd mto a marginal ear vem of each animal (aWux- 
« P« Ui ectiom infused over -30 secK). 
Weojately after blood collection op day 6, all arumaSwere 

l^^J^^ U^r samples were collected from each animal 
at -f^ZTih h ^ d ^^ l^ue samples were stored 
at -71TC until Isolation of total RNA and lipid analysis. 

Analyses cf Plasma and Plasma Fractions 

co^=cntratio^ in whole plasma were deter- 
mined by using * commciciafiy available idt (Triglyceride G, 
T^T^t^ 2*% ^ Wnole-plasma coneStr^ns Of 
TC (equal to unestcrificd and escerirled forms) and UC con- 
Witrations m whole plasma were directly deterrmned enzrmat- 
^ ^ ?C ^Iculated by d&erence, Agaxo^gel 
ln^°^ OI SS Cf ^ h0lc ^ Iasaa ^ lipid Sn7wSx 

Ld^^f ^ ^^oelectrn>horcsis to oLnS 

Lr^^ f ? Z& ™^Y dwctibed, PreHm?nary studies indi- 
cted that these rocket assays, which are performed hi dctcr- 
? S nQt , b ^ ^ £«««ce of lipo«mes. Sfee 

oW>uuons of plasma parUdw carrying TC and UC were 
Supcrose 6HR hlgh-r^ormance gel cbroma! 
to^aphy (Ramin Instrument CoTlnc), incducUng an on-k^L 
p^^lumn analyzer, as previously described,^ Areas under 
^ P / T ^^ re ^ calculate the percent distribution of TC 
^^ xT™^*^ 10 ^ HDL size ranges ha 

^eelutxon profiles g>ynamax and Compare Module SoftW. 
B^^strument Co, lac, developed for Macintosh c^^l 
ers). Next, the absolute concentrations of TC and UC in each 
Upoprotem aze range were dcterniined by multiplying these 
TC^rf values by the mdepeiden^c^r^nmed 

JZ^ty ^^L* P 1 *^^ Absolute EC values in 

each Upoprotcm fraction were determined by the difference 
H-^TS 1 ?° Zi? 1 *** UC in each lipoprotein frac- 

huo. Plofas of the dtstributiona of absolute lipid content by 

cacti TC and UC elution curve from the oa-line post-column 
^^f r V T a3 ^ r ? alized to tto coac^onding whole-plasma 

S^ 0 ^ EC di3t ^"^n cUeTwcre thendetcr- 
nunea by onxerence. 

Analytical Methods for Deterrnination of 
Hepatic Lipids 

Hepatic phosphatidylcholine, phosphatidylcthanolaminc, 
UC, and triglyceride W«e extracted in the presence of 
4-ayc^cjqnchoIesteTOl internal standard, separated by silica col- 
P<irfofmailce U< 5 Qid chromatography, and then quan- 
^wr^J 50 ^^ ^t-scattering detector, as previously 

the mass of both the steryl and fatty acyl moieties, whereas the 
^^measurements in plasma and plasma fractions include only 
steryl mass. 
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Hepatic mRNA Analysis 

Rabbit cDhiAj encoding tbeLpL receptor, - PIMG-CoA 
reductase, 7a- hydroxylase, and CETP were prepared in pory- 
Tiiftrasc chain reactions using primers based oa phylogepetically 
conserved sequences and then cloned into the pBtuescript II 
SK (+) plsutaid (Stratagenc Cloning System*). The identity of 
each cloned cDNA was confirmed by sequencing, aa described 
in detail by Rea ct a! » For cacH cloned cDNA, an unlabeled 
sense mRNA product, to be used as an internal i tandard, and 
a labeled anuaeose mRNA probe were synthesized. Both 
synthetic mRNAs vrere designed to contain the partial coding 
Sequence from rabbit, linked to a short sequence from the 
plasmid. 

Total RNA was isolated from the snap-frozen rabbit liver 
samples xising RNAzol (Cinna/Bioteae Inc), quantified by A^j, 
and assessed for degradation by agarose electrophoresis. Mes- 
senger RNA* of interest were quantified by an Internal stan- 
dard/RNase protection assay, as described previously in de- 
tail 30 Each protection assay contained (I) 30 jig of total liver 
RNA, (2) the synthetic unlabeled, sense mRNA internal stan- 
dard (30 p£ LDL recept or, 10 pg HMO-Co A. reductase, 10 pg 
7o-hydro^'tase J or 5 pg CETP), and (3) IS) eg of the synthetic 
radiolabeled ano'scrtse mRNA probe (specific activity, 2*10* 
cpm/jig % After digestion with RNase, protected mRNA 
probes were quantified by pclyaczylaznidc gel electrophoresis 
and then autoradiography using a Phosphorlmagef (Mcuocuiar 
Dynamics). Probes protected by authentic versus internal- 
standard mRNA differed in molecular weight by the size of the 
incorporated plasmid sequence and were directly identified by 
control reactions in which either rabbit hVcr RNA or the 
unlabeled internal standard mRNA was individually omitted. 
The ratio of radioactivity in the two protected bauds, multiplied' 
by the lenewn amount of rntcrnal-st&adsrd raRNA and cor- 
rected Ibr molecular wight differences between authentic and 
internal-standard- tuRNA* gave the masa of hepatic liver 
trtRNA of interest. 

Protein Uptake by Large and Small PL Vesicle* 
In Vitro 

To determine whether there axe systematic differences in the 
acquisition of proteins by LUVs versus SUVs, these particles 
were incubated in vitro for 4 hours at 3T*C with. HDL,, using a 
PL ratio of S:l (vcsicle;HPL) # which is similar to ratios 
•achieved in vivo and docs not disrupt vesich structure, 11 PL 
vesicles were then separated from the HDL by passage over a 
130X1.5 -cm .column of Sepharose CL-63.* Purity oc these 
modified liposomes was verified by the absence of detectable 
estcrificd cholesterol** by gas-liquid chromatography. 33 * 33 The 
modified LUVs and SXJV$ were analyzed Tor pcotein content by 
modified Lcwiy,* PL content enzymatically," and protein 
species by St)S-poryacrylarnide gel electrophoresis. 

Statistical Analyses 

ANOVA was used to compare the three experimental 
groups. When ANOVA indicated nUiereaccs among the 
groups, pairwisc comparisons between groups were performed 
using die Studcnt-Neumann-Kculs q statistic,^ Unless other- 
kvjS£ indicated, all results arc displayed as mean;£SEM f (n-4, 
LUV and saline groups; n=3, SUV. group). Absent error bars 
in fibres indicate SE values smaller than the drawn symbols. 

Results 

Alterations la Plasma Lipids mid Lipoproteins in 
Response to Repeated Injection* of PL Vesicles 

Three intravenous injections of PL into normal rabbits 
caused large increases in the plasma concentrations of 
UC, indicating mobilization of tissue stores (Fig 1A), 
similar to previous nndings.WA" LUVs had a larger 
et[cct than SUVs on plasma UC concentrations, consist 
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P, ??2? a u 5**? rififld cholesterol (A), plasma esterffled 
ebojasteral (B) f and LDLasterffied cholesterol concentration* (CI 
,i 6 *.?^?? d White rafabitd «* w ^Peated N^cttons of LUVs 
m or SUVa f>) at adose of 300 mg/kg, or the e^ulval^nt volume 
of saline Arrows Indicate intravenous Injections of PL vesi- 
cles or saline on days 1 , 3. and 5, Plasma samples on thoao days 
were obtained immediately before the Injections. *Haoh data 
potrtt display* the meanmSeM. In B and C, LLTV values Wara 
statistically Indlsllnaulshable from 1he cerroeponding control 

^* capt fof °- d& y 3 <^1<P<05)- In all throe 
values after day 1 were greater than control 

^'£7 L ^f* 05 ' "P<-<> v < fiigrfficant dWareoces batwaan LUV 
and SUV values. 



tent with the prior observation that per milligram of 
aclmmistercd PL, LUVs mobilize cholesterol more effi- 
ciently.* SUVs caused a rise in plasma concentrations of 
EC, wnfirtning prior reports of this effect after hepatic 
uptake of cholesterol mobilized by these particles 
Surprisingly, although LUVs mobilize more cholesterol 
to tic liver, there was no effect at all on plasma EC 
concentrations (Fig IB). 

Because EC cannot be transported to any great extent 
by PL vesicles owins to their lack of a hydrophobic core, 
we sought to determine which lipoprotein carried the 
extra plasma EC after SUV injection. Gel filtration 
revealed that most of the increase in whole-plasma EC 
was transported by LDL-sized particles (Fig 1C, Table 1, 
and Fig 2A). Under these conditions/hposomal rem- 
nants would not appear m this size range, because 
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Table 1. Unes-terffiad and Estorified Cholesterol Concentrations in Whole Plasma and In VLDL-, LDL*, and 
HDL-SIzod Particles on Day 6 



Whole Plasma 



VLDL 



LDL 



UC 



EC 



HOL 



UC 



EC 



EC 



UC 



EC 



LUV 
SUV 
Safins 



239.9t2C.S- 
131-4±14J" 
IS J £0.8 



80.7 ±10-3* 



207.0*20,7* 
Sl.4±4.4t 



2.0±1.9 
0.3 ±1.0 
0.5 £0.1 



21 .8=0.7* 
61.1 ±9.1* 



12.6±3.S 
37.1 2:7.5* 
S*4±Q.7 



11.0i0.5 
19.0^1^* 
10j2i:0.6 



37.3*2.1- 
23.0±:1.7 



"P<.Q1; tP<X5; sIsnlfiMfrt»y CTrtfemnt from saline control. 



Yeside structure is stable in plasma at 300 nag/kg 4 **" and 
remnants that form at lower -vesicle doses are exclusively 
Plrapoprotein disks that coclutc with HDL 31 * 3 * (Quan- 
titatively, SUVs increased plasma concentrations of 
LDL EC to over fourfold compared with saline control 
(Table 1), whereas Injections of LUVs caused a small 
but statistically insignificant decrease during the study 
(Fig 1). Rabbit apoB assays of plasmafrom day 6 showed 
a trend toward higher values in the SUV group 
(Q-31±C04 AU) than the LUV group (0.15±0.07 AU). 
These results suggest a proportionately greater increase 
in LDL EC than ia plasma apoB after SUV admirnstra- 
tioa. raising the possibility of increased LDL size, which 
was confirmed by a slight shift on the EC elution profile 
(Fig 2A, EC profile -after SUV treatment). No shifts 
were evident .in any HDL EG. peaks (Fig 2A). The 
SUV-mediated increasetn LDL concentration was con- 
firmed by agarose gel electrophoresis followed by Sudan 
black staining w whicb revealed a darker but otherwise 
unremarkable S-band (Fig 2B). As previously reported/ 
^SUVs in plasma e xhibi ted -a mobility-ahead of LDL 
owing to their' acquisition of" plasma proEcmi, chiefly 
from HDL. In contrast, plasma LUVs exhibited essen- 
tially the same mobility as freshly prepared, protein-free 
vesicles, ie, just above the origin (Fig 2B; discussion to 
follow), » 

Fractionation data for all particle sizes from the final 
bleed on day 6 are summarized in Table 1. Notice that 
. the additional UC mobilized into the plasma of LUV- 
treated animals was mainly confined to the VLDL size 
range, while* the additional 'tJO In the SUV-treated 
animals was ia both the VLDL .and LDL size ranges, 
consistent with the smaller size but greater heterogene- 
ity of SUVs compared. WTtb. LUVs (see "Methods"). 
Also, lipoprotein fractionation revealed an increase in 
the concentration of HDL EC in SUV-treated animals. 
This increase in HDL EC, however, represented only a 
small fraction of the total cholesterol mass mobilized by 
the injected vesicles. No significant changes in plasma 
concentrations of triglycerides were observed (data not 
shown), consistent with- prior studies. 37 

Alterations in Hepatic Lipids and mRNA. in 
Response to Repeated Injections of PL Vesicles 

On day 6, 24 hours after the third injection, hepatic 
samples were taken for lipid and ni^NA analyses, 
Because vesicles in the bloodstream eventually achieve a 
molar ratio of UGPL of about 0.8, s which is far higher 
than the ratio of 0.12 found in normal hepatic tissue 
(Table 2), we anticipated that hepatic uptake of vesicles 
might increase this ratio in liver. Both types of PL 
vesicles did Substantially increase the hepatic UC:PL 
ratio (Table 2; P<.01), consistent with liposomal deliv- 



ery of cholesterol mass to the liver. With both types of 
particles, the significant increase in the hepatic UGPL 
ratio appeared to result from increased hepatic UC and 
decreased hepatic PL, although only the SUV-induced 
decrease in hepatic PL reached statistical significance 
compared with saline control. No effects on hepatic 
triglyceride content were observed (data not shown). 

Hepatic mRNA levels for key enzymes in cholesterol 
homeostasis are shown in Fig 3. The three injections of 
SUVs caused -40% to 50% suppression of hepatic 
mRNA levels for the LDL receptor and HMG-CoA 
reductase. A similar though statistically insignfficant 
trend was seen with 7<^-hynxoa?yiaae. These results are 
consistent with regulatory effects seen after substantial 
cholesterol loading of parenchymal cells, which compen- 
sate by suppressing their uptake of LDL and their ' 
synthesis of sterol (see References 15, 17, 39, and 40). In 
contrast, the three injections of LUVs caused increases, 
though statistically insignificant, in each of these mes- 
sages. Finally LUVs, but not SUVs, sigmficantly sup- 
pressed- hepatic m-RNA for CETP. * 

Protein Uptake by Large and Small PL Vesicles 
In Vitro 

Based on the electrophoretic mobilities in Fig 2B, we 
sought to quantitate the acquisition of proteins by LUVs 
versus SUVs. After incubation with HDL, LUVs ac- 
quired 1.09 fig of protein per milugram' of liposomal PL, 
whereas SUVs acquired 40.4 /igtog, ie, almost 40 times 
as much. Consistent with prior fcterjiture SDS-poly, 
acrylamide gel electrophoresis confirmed that the major 
protein acquired by both LUVs and SUVs was apoA-X 
(data not shown). 

Discussion 

In the current study, we have demonstrated that the 
metabolic effects from several days of enhanced RCT in 
vivo strongly depend on the particle that carries choles- 
terol from the periphery to the liver. Furthermore, RCT 
mediated by some particles, such as SUVs (see "Re- 
sults") and HDL-Hke complexes (see References 13 and 
IS), can produce metabolic consequences that may not 
be benign. 

Our results with SUVs are entirely consistent with 
prior literature concerning cholesterol enrichment of 
hepatocytes. When liver cells were cholesterol enriched 
in vivo by a single injection of apoE-rich HDL that was 
rapidly cleared from plasma into liver" or by feeding 
nonhuman primates long term on atherogenic diets, 3 * 3 
similar results were observed, including LDL receptor 
suppression and lipoprotein oversecretiom Similarly, 
cholesterol enrichment of hepatocytes in vitro causes 
suppression of LDL receptors^* and HMG-CoA re- 
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Fiq 2. Fractionatione of plasma from day 6 after, repeated 
injections of LUVs, SUVs, or saiirtO- A, Distributions isf lipids In 
whole plasma by particlo slza. Rasma samples worn gel filtered 
through a Suparose 6HR column, ond etuants wero assayed for 
TC and UC. The total area under each curve vuas normalized to 
the whole-plasma, assay for TC or UC. The EC - curve was 
generated by difference. Plots from one animal In each group are 
shown, with all panels drawn to the sems scale. Specific 
lipoproteins are identified In the Upper left-hand plot The area 
under tho LDL EC peaks in the saline, SUV, and LUV animal were 
the same, much laraer, and slightly smaller, respectively, than on 
day 1. B, Distributions of plasma lipids by particle charge. 
Four-mlcrolrter plasma samples from two animals In each group 
at day 6 were electro phorssed through 0.5*4 agarose and then 
stained with Sudan black. O Indicates origin and migration of 
an LDL etandard, 

ductase,**' 0 as v,'cU £s eahancemiivt of epoB sccrs- 
r&^'^zw The expression of hepatic 7a-bydroxylase is 
stimulated by cellular cholesterol enrichment: in rats 50 
but inhibited in rabbits, 17 ' 40 consistent vrith the trend in . 
Fig 3. Thus, RCT by these synthetic SUVs was associ- 
ated with events that arc entirely consistent with known 
moleculai consequences of cellular cholesterol enrich- 
racnt: stexol-responsivc messages in the lrver, such as the 
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Table 2. Lipid Content in Livers of Animals on Day 8 
of Treatment With LUVs, SUVs, or Satlne 











UC;PL Ratio 


Treatment 


UC 


CE 


PL 


(mol/mol) 


LUV 


5.3±0.a 


i.8±aa 


65.0*1. S* 


0.1 €± 0.01 1 


SUV 


4.6*0.5 


2.3*1.1 




D.ie^aoat 


Saline 




1B:U 




0.12*001 



Mess valuee ara shown aa mean^SEM, expressed aa microgram dp Id 
per milligram protein in ttvor {rt-4. animals per treatment group). Phoe- 
phofipid content equate phosphstldytchoflne p(ud phasphalkfyiethano- 
InnVrw. 



""P<u01; BiBttiflcant dSarerwee between LUV and suv values. 
TTP<.0l- t Biotilffcantiy different from saline central. 

UDL receptor, were suppressed, and consequently, 
plasma LDL concentrations rose. It is nonetheless sur- 
prising that the metabolic effects on the liver of RCT 
mediated by SUVs in the current study or by apoE-rich 




LUV SUV Saline 



FK3 3. Hepatic mRNA levels for the LDL roceptor, HMG-CoA 
reductase, 7a-hydroxyiase, and CETF, expressed as picograms 
of specific mRNA per microgram total liver mRNA. Message In 
Ever samples obtained at day 6 wore quantffied by RNase 
protection assay, each data point displays the maan^SEM, 
*P<,05, **P<.01 ; significant differences between LUV and SUV 
values. iP<.QS t TTP<.01; significantly deferent from saline 
control. 
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particles In a previous study 13 appear to be inconsistent 
with antiatherogenic actions. 

Our results with LUVs, however, weri starkly differ- 
ent. Prior work has shown that LUVs transport signifi- 
cantly more peripheral cholesterol in vivo to the liver 
than do SUVs,« and yet there was no suppression of 
sUrol-responsive messages in the liver and no rise in 
plasma UDL concentrations (Figs 1 through 3)* We 
propose three possible explanations for the difference in 
metabolic response to LUVs versus SUVs.- First, it has 
been reported that LUVs are taken up by Kupffer cells, *• 
whereas SUVs are primarily directed toward hepatic 
parenchymal cell*- 30 Presumably, this is partly a mechan- 
ical consequence of hepatic architecture: hepatic endo- 
thelial fenestra© are oval opening?! of about JQ0XU5 
nm, 51 - 51 through which SUVs of 35-nm diameter can 
readily pass and gain access to parenchymal cells. LUVs 
of 120-nm diameter or slightly larger will not pass easily 
and are cleared instead by the macrophage Kupffer cells 
that line liver sinusoids. While SUVs also have access to 
Kupffer cells, their sheer number (—10 times as many 
SUVs as LUVs per milligram of PL) appears to saturate 
the reticuloendothelial system, and so parenchymal cells 
predominate in their clearance (see Reference 20). 

Cholesterol-clearance pathways mediated by paren- 
chymal versus Kupffer cells are likely to have distinct 
metabolic consequences. Direct delivery of cholesterol 
to parenchymal ceils by SUVs would be expected to 
suppress sterol-responsrve messages. Delivery of choles- 
terol to Kupffer cells can be followed by gradual transfer 
of lipid to parenchymal cells, for example, via the 
extensions of Kupffer cells that reach down through the 
space of Dtsse to make physical contact with parenchy- 
mal cells .33 lEe rare cTsteroI "ceEvery 'to tEe parenchy- 
mal cells -by transfer from Kupffer cells can be slower 
than by direct uptake; the chemical form of the sterol 
may be altered by the Kupffer dells before transfer (see 
Reference 54); and, on the basis of other pathways for 
lipid transfer among liver cells,* 1 * the process of transfer 
from Kupffer to parenchymal cells may be regulated, 
whereas SUV clearance docs not appear to be.*. 3 * 
• The second possible explanation for the difference in 
metabolic response to LUVs versus SUVs is baaed solely 
on differences in the Jdnetics of their delivery of choles- 
terol to the liven In mice, LUVs are cleared from plasma 
somewhat more slowly than are SUVs and thereby 
produce a relatively constant delivery of cholesterol 
mass to the liver from the time of injection until the bulk 
of injected material is' cleared.* Similarly, in rabbits 
LUVs are cleared with a t w of —27 hours (WV 
Rodrigueza, MJ- Hope, unpublished studies, 1997)' 
whereas SUVs are cleared more rapidly,* thereby deliv- 
ering a large bolus of cholesterol mass to the liver 
between 4 and 12 hours after injection, which is followed 
by a nse in plasma EC concentration.* The slow, steady ■ 
oehvery by LUVs may avoid disrupting hepatic choles- 
terol homeostases, while the more rapid uptake of SUV 
cnolesterol may overwhelm the ability of the liver to 
maintain homeostasis, thereby provoking suppression of 
hepatic UDL receptors (see Reference 15) 

The third possible explanation is based on the strikin£ 
quantitative difference in protein adsorption between 
the two types of vesicles (Fig- 2B and "Results")* which is 
presumably a result of their distinct surface curvatures .» 
Thus, it is conceivable that SUVs, but not LUVs, would 
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avidly strip apoE from VLDL, thereby slowing its clear- 
ance from plasma and favoring its conversion to LDL 
(see Reference 56). This scenario, however, would not 
explain the divergent effects of the two types of vesicles 
on hepatic gene expression (Fig 3). Alternatively, differ- 
ences in adsorbed apoproteins might play a role in 
directing the PL vesicles into different hepatic metabolic 
pools, although there Is no direct evidence that apopro- 
teins mediate hepatic uptake of these particles 

Our results with hepatic CETP message were unex- 
pected; namely, suppression by LUV infections and no 
si^lficant effect of SUV injections, despite cholesterol 
deHvery. Notice that CETP mSKA. differs from the 
other three messages that we studied; It is equally 
distributed between hepatic parenchymal and noriparen- 
chymal cells on a per-gram basis, whereas hepatic 
in^NAs for .the LDL receptor, HMG-CoA reductase, 
and 7a-hydrc*ylase are >90% in parenchymal cells. 29 
Prior reports indicate that byperlipidcmia in rabbits is 
associated with increases in plasma CETP mass and 
nepatic message* although separate effects on paren- 
chymal and nonparenchymal cells are not known. Also, 
suppression of CETP is usually followed by increases in 
HDL EC,* which we did not see here after LUV 
injections. Our results may nor be directly comparable to 
the study by Quinet et al,*s however/ because we inves- 
tigated tie redistribution of endogenous cholesterol 
among tissues by artificial particles, whereas the prior ' 
work in animals involved enhanced dietary intake. Thus 
it is likely that LUVs suppressed hepatic CETP mRNA 
by depleting cholesterol from a regulatory pool that 
ordinarily stimulates CETP production and then dis- 
posed of this- cholesterol into a noristimmatory pool. 
SUVs, which are c^^^m^ii^y^ioMx^i^ overall 
effect on CETP message. Because the role of CETP in 
^TS!? 15 °* P rcvetltill g atherosclerosis is controver- 
S l l^J^ " n P° rtanc ? in atherogenesis of our finding 
that CETP mRNA is suppressed after LUV injections is 
not clear. Nevertheless, because LUVs and SUVs pro- 
duced different effects on CETP mRNA, as well-as on 
the other messages, there is a consistent pattern of 
divergent regulatory effects between these two synthetic 
mediators of RCT. t * * * - . - - 

For many reasons, tie safe enhancement of RCT is an 
important medical goal. First, it has been recently ac- 
cepted that most human heart attacks arc 'caused by 
rupture-prone lesions that are rich in lipid and foam cell 
macrophages^ One goal for treatment of preestab- 
hshed^diseasc is to stabilize these lesions. Apparently, 
these ,esions can be gradually rendered less dangerous 
aggressive lipid-lowering therapy « which presumably 
reduces iesiona! content of lipid" and possibly tissue 
factor « We speculate that massive enhancement of 
rr™^ 01 fra^sport from peripheral tissues to the liver 
oy LUVs m vivo should achieve the same beneficial 
result quickly and directly. Second, enrichment of vessel 
vvall cells with cholesterol or oxidized derivatives is 
known to produce substantial dysfunction-*** Choles- 
tcrcl-cnriched endothelial ceils lose their ability to pro- 
duce cndothelial-derryed relaxing factor, 70 - 71 and choles- 
terol-enriched smooth muscle cells exhibit supranormal 
levels of cytosolic calcium 7 * and enhanced prolifera- 
tion, 73 Many of these effects can be quickly reversed in 
vitro by removal of the excess cellular UC, 7 * We specu- 
late that enhanced RCT should accomplish the same in 
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vivo, with rapid therapeutic benefit. Third, platelet hy- 
perreactivity can be caused by an increased platelet 
membrane ratio ot UC JL, which has been described in 
some human hyperlipidemias. 7 *** 7 * Again, a massive en- 
hancement of RCT might produce a rapid therapeutic 
benefit in this situation by reducing platelet reactivity in 
vivo. 

Ov rail* our findings indicate that these synthetic 
particles, LUVa and SUVs, mediate "RCT in viva, though 
with markedly different regulatory effects on the liver. 
LUVs appear to be the better therapeutic agent, because 
they m bEize cholesterol from the periphery to the liver 
without suppressing hepatic LDL receptor message and 
without provoking a rise in plasma LDL concentration*. 
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